N N O VA
I
OF

YEARS
5
3

ON

ON

YEARS
5
3

TI

TI

I N N O VA
F
O

Preliminary Data for Space Grade Spectralon®
BRDF Targets & Standards
Chris Durell, Remote Sensing Product Manager, Labsphere Inc. / Dylan Wilks, Project Manager / Jeff Kinkaid, Product Engineer

1.0 ABSTRACT

Spectralon is an extremely stable, near-perfect Lambertian reflecting diffuser and calibration standard
material that has been used by national labs, space, aerospace and commercial sectors for over two
decades. New uncertainty targets of 2% for on-orbit absolute validation in the Earth Observing
Systems community have challenged the industry to improve its characterization and knowledge
of almost every aspect of radiometric performance (space and ground). Assuming “near perfect”
reflectance and BRDF (bidrectional reflectance distribution factor) performance is no longer sufficient
for many program needs. To ensure the lowest possible uncertainty, Spectralon has NVLAP* accreditation for total hemispherical spectral reflectance measurements. The hemispherical reflectance provides
a good mark of general performance, but without the angular characterization critical data is missing
from many applications. Therefore, BRDF measurement capability is needed to characterize Spectralon’s
“near perfect” angular response and provide a full uncertainty profile to many users. A preliminary data
set will be presented on materials, instrument capability and resulting measurements. Further data and
complete analysis on products for traceable radiometric BRDF calibration standards will be presented
later this year at SPIE Remote Sensing Asia (Oct 13-17, 2014 - Beijing, China).
*ISO/IEC 17025:2005 Lab Code 200951-0

2.0 HARDWARE

Labsphere acquired a REFLET 180 Goniophotometer as a primary BRDF measurement tool
and is enclosed in the manufacturer-provided dark chamber for best control of stray light.
The principal elements of the optical bench are:
• Illumination module: comprising an optical system with 2 diaphragms and a motorized
1-axis goniometer (rotation angles = θι).
• Detection module: comprising an interchangeable optical bloc and a motorized
2-axis goniometer (rotation angles = θd, ϕd).
• Sample holder area (platen).
The illumination module is designed to give the operator full control of the parameters of
the illuminating beam:
• Spot size (by adjusting a continuous diaphragm) - the continuous diaphragm allows for
spot sizes in the range of 1 to 13 mm. 5mm was the chosen spot size for this discussion.
• Flux (by adjusting an indexed diaphragm) - the flux diaphragm is indexed over 4 positions
(∅1 = 0.2mm, ∅2 = 0.4mm, ∅3 = 1.4mm, ∅4 = 2.8mm). The choice for this discussion is
∅3 = 1.4mm.
• Incidence angle (by rotation of the θι goniometer).
• Illuminance level on the sample surface varies in the range 100 lux to 25000 lux according
to the selected diaphragm positions.
• Spectrum of the source is visible light provided by a dichroic lamp with a 6 position filter wheel.

Figure 3:
Spectralon Reference Sample
Database – All Scans

The procedures outlined in Section 3 were used as a baseline for our BRDF instrument tests using these
samples. The size of the part and the scanned angle sets (and rotation) required special jigs and platforms
to be constructed. These platforms had to allow for extremely repeatable mounting/unmounting of
standards (mirror and BRDF Spectralon standard) and placement of the large panels. The configurations
created to hold the large panels are shown below in Figures 7-10:

The panel BRDFs were then inspected for a variety of incident angles to ensure that the BRDF would
not vary with incident angle. The standard deviations developed on the Spectralon standard from
Section 4.0 were used as a baseline criteria for pass or fail. All panels were well within the stated
variation and repeatability tolerances of the instrument as shown in Table 5.
Test:
Reference
Pass Criteria:

Figure 7:
Large Spectralon Panel Holder Scheme

Reference Repeatability
BRDF-12549-MA0, Section 4
The following angles must be within the range listed below
Note the range was determined by the 2 sigma range of brdf standard in use previous to these measurements

Table 5:
BRDF vs. Incident Angle
for Panel A-D

Angle (degrees) µ+2σ
µ-2σ
range
%µ+2σ
%µ+2σ
-45
0.315 0.2987 0.0163
-1.04%
-6.16%
-30 0.3202 0.3076 0.0126
0.60%
-3.36%
-15
0.323 0.3139 0.0091
1.48%
-1.38% Lambertian Value
15 0.3224 0.3183 0.0041
1.29%
0.00% 0.3183
30
0.319 0.3169 0.0021
0.22%
-0.44%
45 0.3158 0.3107 0.0051
-0.79%
-2.39%
Results

Angle (degrees) Repeat 1 Repeat 2 Repeat 3 Panel A_1 Panel A_2 Panel B Panel C Panel D
-45 0.30469
0.299 0.30083 0.3046472 0.3010574 0.3029 0.3032 0.302
-30 0.31097 0.30657 0.30793 0.310191 0.3074923 0.309 0.3093 0.3079
-15 0.31901 0.31608 0.31686 0.318108 0.3159436 0.3174 0.3172 0.3164
15 0.32139 0.32092 0.32066 0.3212809 0.3201597 0.3207 0.3203 0.3198
30 0.31798 0.31822 0.31804 0.3177345 0.317643 0.3177 0.318 0.3176
45 0.31548 0.31712 0.31602 0.315992 0.3165854 0.3163 0.3167 0.316

From the table below for 0 degree incidence, the Spectralon scans (-90 to +90) were shown to have
the following norms for a total of (33) readings taken over 10 months (normalized at 30 degree
illumination value).
ZERO Degree Incidence
Theta Lighting AVG
% Vs. Ideal
-80 0.255547
-19.71%
-60 0.295077
-7.30%
-45 0.306734
-3.63%
-30 0.31382
-1.41%
-20 0.317161
-0.36%
-15 0.318368
0.02%
-10 0.320452
0.68%
-5 0.323126
1.52%
5 0.32343
1.61%
10 0.321322
0.95%
15 0.320377
0.65%
20 0.319509
0.38%
30 0.317963
-0.11%
45 0.313138
-1.62%
60 0.302519
-4.96%
80 0.262821
-17.43%

Lambertian=
0.3183
STDEV
µ+3σ
µ-3σ
0.00589 0.273218 0.237877
0.004958 0.30995 0.280204
0.004155 0.319199 0.294269
0.003197 0.32341 0.30423
0.002565 0.324855 0.309467
0.002315 0.325312 0.311423
0.002101 0.326754 0.314151
0.001921 0.328888 0.317364
0.00137 0.32754 0.319321
0.001243 0.325051 0.317592
0.00106 0.323556 0.317197
0.00085 0.322059 0.31696
0.000535 0.319569 0.316357
0.001271 0.31695 0.309327
0.002288 0.309383 0.295654
0.004218 0.275474 0.250169

Table 1:
Spectralon Reference Tolerances

Figure 8:
Assembled Panel Holder with Mirror Standard
for Alignment and Height Adjustment

Range
0.0057
0.0044
0.0031
0.0016
0.0006
0.0016

As an additional test, the instrument was tested for stability since these panels took several hours of
testing to complete. The variation in the instrument light source and detector was about 2% drift on
the baseline from start to finish, but since each sample’s relative baseline was reset just before its
measurements, the overall drift was judged to be negligible to the resulting data.

6.0 CREATING A FORM FACTOR FOR A TRACEABLE BRDF STANDARD
Figure 9:
Assembled Panel Holder with Spectralon BRDF
Standard for Instrument Calibration.

Figure 10:
Assembled Panel Holder with Spectralon
Target for Test

Figure 4:
Tolerance Parameters for Spectralon
Sample Standard Set from Table 1

The detection module gives the operator control over:
• Size of the observed area on the sample surface (by selecting one of the 3 interchangeable
optical blocks – 0.04, 1.1 and 2 degrees respectively). The choice for the discussion in this
paper is the 1.1 degree block.
• Scattering angle (by rotation of the goniometer).
• Interchangeable optical block determines the size of the observed area on the sample
and the angular acceptance of the collected beam.

PASS, all angles are within the range listed above

The work is far from done on this project, but the baselines above show that with the new instrument
capability that Labsphere can start to consider providing BRDF characterization on its Spectralon
Standards and Targets. As the larger target showed in Section 4.0, the essential features in a
BRDF standard are:
• Known flatness (planarity) of the Spectralon face versus mounting surfaces with
fiducial references.
• A “keyed” feature to provide orientation awareness and alignment.
• A well dimensioned part with ways to hold the sample securely in place during measurement.
• A protective cover that does not touch the part during storage.
A suggested design is included below in Figures 13 and 14 for a 2” x 2” square sample target for future
testing use. It is the intent of Labsphere to seek out partners interested in validating this measurement
and be able to use these target designs to be able to conduct round robins and inter-comparisons
which will ultimately lead to traceable calibrations of BRDF and reflectance using Spectralon materials.
Figure 13 & 14:
Proposed BRDF 2” Target Design

Figure 11:
Target in Straight and Angled Positions

As near normal incidence is only one condition for illumination, norms for a variety of light source
incidence angles were measured and presented in Table 2 below:
Angle (degrees) µ+2σ
µ-2σ
range %µ+2σ
-45
0.315 0.2987 0.0163 -1.04%
-30
0.3202 0.3076 0.0126 0.60%
-15
0.323 0.3139 0.0091 1.48%
15
0.3224 0.3183 0.0041 1.29%
30
0.319 0.3169 0.0021 0.22%
45
0.3158 0.3107 0.0051 -0.79%

%µ+2σ
-6.16%
-3.36%
-1.38% Lambertian Value
0.00% 0.3183
-0.44%
-2.39%

Table 2:
Spectralon Sample Variation for
Different Incidence Angles

The values recorded for the instrument repeatability, Spectralon standard repeatability and variation
with illumination angle suggest that a BRDF service with a <2% tolerance may be possible for shallow
angles (<45 degrees).

5.0 RESULTS OF EXTENDED TARGET AND CHARACTERIZATION

Before the BRDF could proceed, the customer had a specific requirement that the flatness of the targets be
measured using an X-Y coordinate grid system with angular tolerance to identify waves or undulations as
well as the planarity of the plate. The flatness measurement ensured that any BRDF variation was indeed
due to the material BRDF and not to surface anomalies or features (machine marks, depressions, etc).
The results of the flatness measurements are below in Table 3. All panels met the 0.25 degree slope
requirements for all X-Y mapped points.

4.0 SETUP OF BRDF INSTRUMENT FOR LARGER TARGETS

Figure 1: Reflet 180 Goniophotometer BRDF Instrument
Optical Bench comprised of:
(1) an illumination module
(2) a detection module
(3) a sample holder
In addition:
(4) light box
(5) electronic cabinet
Also includes a darkroom and a computer with dedicated boards and software (not shown)

Many customers’ applications dictate larger targets than simple 1” or 2” formats. A recent project
presented several challenges: a rectangular shaped target, tight flatness expectations (with validation
measurements), multiple incidence angles and clocking (sample rotation) and extremely tight requirements for pass/fail on the BRDF slopes. There were (4) identical targets in the set, labeled A-D for
identification. Upon consultation and clear explanation with the customer about the experimental
nature of BRDF qualification, the BRDF measurement was included in the internal analysis as a special
case for extreme constraints on performing a BRDF qualification. The objective of the test was to fulfill
the real FOV of the cameras looking at the target and the rotational (orientation) presentation of the
target with respect to the illumination source. The targets had to have characterized BRDF over these
angle sets to determine a tolerance and to see if the testing would hold within a +/-0.5% pass/fail for
the panel BRDF performance. The large panel size precluded the rotation of the parts over the clocking
angles due to mechanical obstructions shown in Figure 5. Two positions were created to break up
the angle sets and get as close to the full range as possible. The angle sets of the instrument are
below in Figure 6:
Figure 5:
Panel positions and Clocking Rotations
for BRDF Measurements

3.0 RESULTS OF INTERNAL VALIDATION OF BRDF INSTRUMENT

There are two basic tools at our disposal, an uncalibrated mirror and a calibrated (reflectance factor, not
BRDF) Spectralon reference. Both could be calibrated for reflectance, but since the purpose of these
two devices is to define the angular and spatial extent of the instrument, it sufficed to use the standards in relative testing mode.

7.0 CONCLUSIONS

Table 3: Flatness of (4) Panels (A-D)
After flatness verification, the panels were aligned, positioned and calibrated using the same baselines
outlined in Sections 3.0. Roll angle values were then measured using the carrier outlined in Section 4.0.
The criteria for success was to see a variance range of <0.5% in the BRDF levels for all orientations, positions
and clocking angles of the panels. Data in Table 4 and Figure 12 show that even with the large complex
holder, sample size and clocking scheme, the panels did produce acceptable BRDF performance.
Test:
Reference:
Pass Criteria:
Test Result:

Roll Angle Repeatability
BRDF-12549-MA0, Section 5
None, however it is desired that the range of measurement at each roll angle shall be less than 0.5% of the BRDF measurement
All angles were less than 0.5% of BRDF value
Angle
Trial #
0
5
10
15
20
25
30
35
40
45
50
360
355
350
345
1 0.3181 0.3179 0.3179 0.3177 0.3174 0.3173 0.3172 0.3172 0.3171 0.3173 0.3173 0.3180 0.3184 0.3185 0.3185
2 0.3193 0.3193 0.3190 0.3189 0.3186 0.3185 0.3184 0.3184 0.3183 0.3183 0.3182 0.3194 0.3195 0.3195 0.3195
3 0.3186 0.3183 0.3182 0.3182 0.3176 0.3177 0.3174 0.3175 0.3173 0.3175 0.3174 0.3184 0.3188 0.3187 0.3187
range
0.0012 0.0014 0.0011 0.0012 0.0012 0.0012 0.0012 0.0012 0.0012 0.0009 0.0009 0.0013 0.0011 0.0010 0.0010
% range of BRDF 0.39% 0.44% 0.35% 0.38% 0.38% 0.37% 0.36% 0.37% 0.38% 0.30% 0.29% 0.42% 0.35% 0.33% 0.33%

340
0.3186
0.3197
0.3189
0.0011
0.35%

335
0.3186
0.3196
0.3188
0.0010
0.33%

330
0.3188
0.3198
0.3189
0.0010
0.31%

325
0.3190
0.3197
0.3189
0.0008
0.25%

Table 4: BRDF values for Clocking Angles of Panels
Figure 12:
Panel A BRDF Measurements vs. Roll
(Clocking) Angles

Figure 2: Spectralon Mirror Alignment Standard & BRDF Standard

Figure 6:
Instrument Obstructions Requiring
(2) Placement Scans for Clocking

320
0.3189
0.3196
0.3190
0.0007
0.23%

As stated in the abstract, this is a preliminary presentation of a more concrete data set in a future
paper. The initial data shows a variation of <0.5% can be achieved in a given configuration over
a short measurement cycle and that measurement repeatability of <2% over long periods of time
is possible. While a level of repeatability and measurement tolerance is presented for a path to
possible calibration, there is still work to be done to fulfill all possible permutations of a reliable
standard and measurement process. Work that needs to be completed for the next paper includes
the following topics:
• Testing multiple standards in a set BRDF configuration/methodology to determine
part-to-part variance (and tolerance).
• Develop partners willing to establish traceable chains and round-robin tests for commercial
BRDF characterizations.
• Build the proposed test targets in Section 5.0
• Expand testing past 99% Spectralon BRDF to grey standards and other doped forms
of Spectralon.

